Many semi-arid ecosystems are simultaneously limited by soil water and nitrogen (N). We conducted a greenhouse experiment to address how N availability impacts drought-resistant traits of Catalpa bungei C. A. Mey at the physiological and molecular level. A factorial design was used, consisting of sufficient-N and deficient-N combined with moderate drought and well-watered conditions. Seedling biomass and major root parameters were significantly suppressed by drought under the deficient-N condition, whereas N application mitigated the inhibiting effects of drought on root growth, particularly that of fine roots with a diameter <0.2 mm. Intrinsic water-use efficiency was promoted by N addition under both water conditions, whereas stable carbon isotope compositions (δ 13 C) was promoted by N addition only under the well-watered condition. Nitrogen application positively impacted drought adaptive responses including osmotic adjustment and homeostasis of reactive oxygen species, the content of free proline, soluble sugar and superoxide dismutase activity: all were increased upon drought under sufficient-N conditions but not under deficient-N conditions. The extent of abscisic acid (ABA) inducement upon drought was elevated by N application. Furthermore, an N-dependent crosstalk between ABA, jasmonic acid and indole acetic acid at the biosynthesis level contributed to better drought acclimation. Moreover, the transcriptional level of most genes responsible for the ABA signal transduction pathway, and genes encoding the antioxidant enzymes and plasma membrane intrinsic proteins, are elevated upon drought only under sufficient-N addition. These observations confirmed at the molecular level that major adaptive responses to drought are dependent on sufficient N nutrition. Although N uptake was decreased under drought, N-use efficiency and transcription of most genes encoding N metabolism enzymes were elevated, demonstrating that active N metabolism positively contributed drought resistance and growth of C. bungei under sufficient-N conditions.
Introduction
Drought is an increasingly limiting factor for plant growth in many regions of the world. The negative impact of water shortage on plant production has become a major issue in the sustainable development of agriculture and forestry (Luo et al. 2009 , Beniwal et al. 2010 , Vries et al. 2016 .
Determining the underlying mechanisms of drought resistance in plants is crucial for breeding genotypes with improved drought adaptation and yields (Fichot et al. 2009 , Kivuva et al. 2015 which are usually limited by both drought and nutrient deficiency of a lesser or greater magnitude (Yang et al. 2012 , Luo et al. 2013a , 2013b , Tran et al. 2014 , Xu et al. 2015 . Therefore, it is particularly important to better understand the influence of soil nutrient status on drought acclimation and growth features of plants.
In response to drought stress, plants usually enhance 'drought avoidance' by reducing transpiration rate via stomatal regulation and by the adaptive changes of anatomy and root architecture, which might increase water uptake and reduce water losses (Beniwal et al. 2010 , Holland et al. 2016 , Aaltonen et al. 2017 . Plants also exhibit 'drought tolerance' via osmotic adjustment and homeostasis of reactive oxygen species (ROS). After sensing reduced soil water availability, plants usually promote the activity of antioxidase to scavenge the increased ROS under stress (Regier et al. 2009 , Miller et al. 2010 , Warren et al. 2011 , Pyngrope et al. 2013 . Plants also adjust stoma movement and reduce water losses via activation of abscisic acid (ABA) biosynthesis and signaling transduction (Du et al. 2013 , Cao et al. 2014 , Xing et al. 2016 . Transcriptional changes of genes responsible for ABA biosynthesis and signaling transduction are related to changes in ABA concentrations under drought stress (Cao et al. 2014 , Xing et al. 2016 . It was demonstrated that tree species can acclimate to drought by changes in anatomical properties, decreased gas exchange and water losses (Regier et al. 2009 , Cao et al. 2012 , transcriptional regulation of plasma membrane intrinsic proteins (PIPs), regulation of ABA biosynthesis and signaling transduction, increased stable carbon isotope composition (δ 13 C) and intrinsic water-use efficiency (WUE i ), and altered homeostasis of ROS production and scavenging (Cao et al. 2014 , Jia et al. 2017 . Nitrogen (N) is the nutrient required by plants in the highest quantities and N-deficient plants have been shown to have significantly lower leaf N, chlorophyll content and decreased photosynthesis capacity (Boussadia et al. 2010 , Nunes-Nesi et al. 2010 , Luo et al. 2013a , Gan et al. 2016 . Nitrogen deficiency might significantly influence drought resistance of plants and exacerbate drought-induced photosynthesis limitations in ambient CO 2 (Zong and Shangguan 2014, Xu et al. 2015) . In contrast, greater N supply could enhance the drought tolerance of plants (Yang et al. 2012 , Xu et al. 2015 , Alandia et al. 2016 , Meng et al. 2016 . Research on quinoa (Chenopodium quinoa Willd.) revealed that faster stomatal closure and reduced leaf water potential in N-fertilized plants was crucial for growth and yield under drought stressed conditions (Alandia et al. 2016) . Much researches have focused on the interaction between carbon (C) and N metabolism during the regulation of photosynthesis, photorespiration and respiration (Kreuzwieser and Gessler 2010 , Nunes-Nesi et al. 2010 , Tarvainen and Näsholm 2017 . Nitrogen uptake during drought may be compromised due to reduced soil mineralization rates and reduced rates of soil diffusive and mass flow N fluxes (Kreuzwieser and Gessler 2010, Tarvainen and Näsholm 2017) . Under drought conditions, higher nutrient resources can increase water-use efficiency and promoting faster recovery after drought ceases (Gessler et al. 2017 ). However, we still know little about how N status impacts physiological and transcriptional responses of tree species such as gas exchange, ABA signaling regulation, osmotic adjustment and homeostasis of ROS under drought stress.
Forest plantations are often established on marginal lands with a deficiency in both soil water and nutrition. Phosphorus is generally deficient in forest soil in South China, whereas N is usually more deficient in forest soil of North China where drought might concurrently occur (Zhang et al. 2013) . Catalpa bungei C. A. Mey is an important native tree in north China and its timber has large economic value due to good physical and chemical properties (Jing et al. 2015 . Considerable genotype variation in water-use efficiency and growth performance had been demonstrated in C. bungei . Here, we conducted a greenhouse experiments to address the following questions: (i) How does N availability impact drought-resistant traits and growth of C. bungei at the physiological level? (ii) How does N availability influence transcript levels of genes involved in drought resistance and N assimilation under drought stress?
Materials and methods

Plant material and experimental design
A greenhouse experiment with a factorial design was conducted during the 2015 growing season. A clone of C. bungei that derived from a cross breeding program of C. bungei was used as the plant material; the clone showed significant anatomical and physiological responses to drought stress (Zheng et al. 2017) . Columniform pots with a depth of 55 cm and diameter of 30 cm were used in the experiment. The mixture of sand and soil (soil: sand, 2:1, v/v) was used as substrate for cultivation. The soil used in this experiment was loess, a typical soil type with low nutrient content in northwest China. The pH of the mixed substrate was 7.87, whereas the hydrolyzed N, available phosphorus and potassium in this substrate were 21.21, 3.55 and 12.31 mg kg −1 , respectively. Therefore, this substrate was deficient in soil nutrients including macro-elements of N, phosphorus and potassium. A factorial design was adopted in which two N conditions (sufficient-N and deficient-N) were combined with two water conditions (moderate drought and well-watered). To create sufficient-and a deficient-N conditions, each pot received modified LA solution (0.5 mM KCl, 0.9 mM CaCl 2 , 0.3 mM MgSO 4 , 0.6 mM KH 2 PO 4 , 42 μM K 2 HPO 4 , 10 μM Fe-EDTA, 2 μM MnSO 4 , 10 μM H 3 BO 3 , 7 μM Na 2 MoO 4 , 0.05 μM CoSO 4 , 0.2 μM ZnSO 4 and 0.2 μM CuSO 4 ) containing 0.1 or 2 mM NH 4 NO 3 for deficient-and sufficient-N treatment, respectively. The nutrient solution was added at a rate of 100 ml per pot every 5 days. The nutrient treatment was started on the 30th day of seedling cultivation and it lasted for 65 days until harvest. Water treatment was started on the 40th day of N treatment and lasted for 25 days. The experiment comprised 40 seedlings in total (2 water treatments × 2 nitrogen treatments × 10 blocks). For each combined treatment of N and water, there was one seedling per block.
The experiment was started in April of 2015 in Yangling District, Shaanxi Province (34°16′ N, 108°4′ E). The experiment was set up in a greenhouse that had a transparent plastic roof but had no walls, therefore it was semi-open and its environmental conditions including light intensity, temperature and humidity were similar to those of the external environment (Zheng et al. 2017 ). All saplings were irrigated before the starting of water treatment. There were two water supply levels, well-watered (70 ± 5% field capacity) and drought stress (45 ± 5% field capacity). The degree of drought stress was equal to moderate soil aridity, which is the common condition in the study area, Yangling district of Shaanxi province with an annual precipitation of around 600 mm. To achieve this drought treatment, each pot was weighed every day and the amount of water equivalent to the amount of transpiration and evaporation was added. Both N and water treatment was ended on the 65th day of N treatment (the 25th day of water treatment). At the end of treatment, gas exchanges of six leaves in each sapling were measured. Subsequently, these leave samples were collected and were used for analysis of physiological parameters, stable isotopes of C and N, and reverse-transcription quantitative PCR (qPCR). Finally, each sapling was harvested, and growth traits including height, biomass, R/S (the ratio of root dry weight to shoot dry weight), and leaf area and root parameters were measured.
Harvest and measurement of growth traits and gas exchange parameters Before the harvest, six leaves of each sapling were used to measure gas exchange parameters including net photosynthetic rates (A), transpiration rates (E), stomatal conductance (g s ) and intercellular CO 2 concentration (CO 2int ) using a portable photosynthesis system (Yaxin-1102, Yaxin Li Yi, Beijing, China) as described by He et al. (2011) with an attached LED light source. The measurements were carried out from 09:00 to 11:00 h at a light intensity of 1000 μmol m 2 s −1
, and the CO 2 concentration was 400 μmol mol . The WUE i was calculated as the ratio of A to E. After measurement, the same leaves were immediately frozen in liquid N and stored at −80°C for further analysis on physiological and transcriptional responses to drought stress. After harvest, major growth traits of each sapling including tree height, root parameters, biomass and N content of each organ and the whole seedling were investigated. The root parameters were analyzed using a Win/MacRHIZO root analysis system (Régent Instruments, Quebec, Canada). Nitrogen concentration in each organ was determined by an auto-analyzer (Kjeltec 2300 Analyzer Unit, Foss, Sweden). The total N uptake of the seedling was calculated as the sum of N content in each organ, which was calculated by multiplying N concentration of each organ with the dry weight of that organ. Nitrogen-use efficiency (NUE) was calculated as the dry weight of the seedling divided by the total N uptake of the seedling.
Analysis of physiological parameters related to drought resistance
Each sample was ground into fine powder using liquid N. Soluble sugars were determined as previously described (Cao et al. 2014) : fine powder (∼200 mg) of roots or leaves was extracted in 1000 μl of an extraction solution (methanol:chloroform:water, 12:5:3, v/v/v). The standard curve was established by measurement of serial diluted solutions of glucose. Subsequently, soluble sugars in the extract were analyzed by a gas chromatography-mass spectrometry (GC-MS) system (Thermo Electron Corporation, Austin, TX, USA). Concentrations of hormones including indole acetic acid (IAA), jasmonic acid (JA), ABA and salicylic acid (SA) were determined using a highperformance liquid chromatography-electrospray ionization-ion trap mass spectrometry (HPLC-MS) as described in detail by Shi et al. (2015) . The activity of superoxide dismutase (SOD) (EC 1.15.1.1) was determined according to the method of Cao et al. (2014) . One unit of SOD was defined as the amount of enzyme that caused a 50% decrease in the SOD-inhibited nitroblue tetrazolium reduction at 550 nm. Glutathione (GSH) contents were determined by the 5, 5′-dithiobisnitrobenzoic acid (DTNB)-glutathione reductase (GR) recycling procedure (Pyngrope et al. 2013) . Free proline and starch in leaves were determined spectrophotometrically according to the method described by Chołuj et al. (2008) using 50 mg of dried leaf powder per sample.
Determination of stable isotopes of carbon and nitrogen
After measurement of gas exchanges, three mature leaves were used for determination of total C and stable carbon isotope compositions (δ 13 C). The fine powder was dried in an oven at 80°C. Subsequently, they were analyzed by an elemental analyzer (NA 1110; CE Instruments, Rodano, Italy) and a mass spectrometer (Delta Plus; Finnigan MAT, Bremen, Germany) with an interface (Conflo III; Finnigan MAT) (Werner et al. 1999 ). The 13 C/ 12 C ratio is expressed as parts per thousand deviations (‰) from the Pee Dee Belemnite (PDB) standard (Cao et al. 2012) . Carbon isotope composition was calculated as: δ 13 C = (R sa -R sd )/(R sd × 1000) (‰), where R sa and R sd are the ratios of Tree Physiology Online at http://www.treephys.oxfordjournals.org
Analysis of transcript levels of genes involved in drought resistance and nitrogen assimilation
The transcriptional levels of genes participated in drought resistance and N assimilation were analyzed by qPCR based on the method previously reported (Luo et al. 2013a ). According to our previous analysis and the reported studies (Soon et al. 2012 , Cao et al. 2014 , genes encoding the biosynthetic enzymes such as zeaxanthin epoxidase (ZEP1, ZEP2) and 9-cis-epoxycarotenoid dioxygenase (NCED) and the principal catabolic enzyme ABA-8′-hydroxylase were selected for transcriptional analysis (see Table S1 available as Supplementary Data at Tree Physiology Online). Transcript change of genes encoding PYL2 and ABI5 (ABA insensitive 5) were also analyzed as they function as a positive regulator of the ABA signal transduction pathway. The SOD multigene family in maize includes nine different isoforms, of which six are CuZn-SODs, one is Fe-SOD (SodB) and four are Mn-SODs (Lin and Lai 2013) . Genes encoding five CuZn-SODs isoforms, one Fe-SOD (SodB) isoform and four Mn-SODs isoforms were selected to analyze their transcript changes upon drought under contrasting nitrogen conditions (see Table S1 available as Supplementary Data at Tree Physiology Online). Transcriptional regulation of PIPs plays an important role in water acquisition for plants (Secchi et al. 2009 , Cao et al. 2014 ). According to our previous analysis and the reported studies (Cohen et al. 2013 , Cao et al. 2014 ), PIP1-1:1, PIP1-1:2, PIP1-2, PIP1-3, PIP2-1, PIP2-2, PIP2-3, PIP2-4, PIP2-5 and PIP2-7 were selected for qPCR analysis in both treatments. According to our previous analysis and the reported studies (Luo et al. 2013a , transcriptional regulation of genes encoding N metabolism enzymes such as nitrate reductase (NR), glutamine synthetase (NADH-GOGAT, Fer-GOGAT), three glutamate dehydrogenase (GDH) isoforms (NAD-GDH A, NAD-GDH B, NADP-GDH) and two glutamate synthase (GS) isoforms (GS1 and GS2) were selected for assessment of mRNA levels in both treatments.
Primers of qPCR were designed based on the coding sequence (CDS) of the target genes, which were derived from our preliminary transcriptome analysis of C. bungei. To ensure the specificity of each gene member, at least one primer in each primer pair is located outside the conserved regions of the gene family. The detailed information of these target genes is listed in Table S1 and Table S2 available as Supplementary Data at Tree Physiology Online. Fine powder of leaves (~100 mg) was used to isolate total RNA via a plant RNA extraction kit (R6827, Omega Bio-Tek, Norcross, GA, USA) and trace genomic DNA was digested with DNase I (E1091, Omega Bio-Tek). A control PCR using total RNA as templates was included to confirm the lack of trace genomic DNA in total RNA. First-strand cDNA was synthesized using 1 μg total RNA via a PrimeScript RT reagent kit (DRR037S, Takara, Dalian, China) in a 20 μl reaction. A reaction system (20 μl) was adopted using 10 μl 2 × SYBR Green Premix Ex Taq II (DRR081A, Takara), 2.5 μl cDNA and 0.2 μl of 20 mM primers. Real-time PCR was performed in an IQ5 RealTime System (Bio-Rad, Hercules, CA, USA). Actin2/7 of C. bungei was used as a reference gene. Three independent biological replicates were performed. The efficiencies of all PCRs were analyzed, which ranged between 95% and 105%.
Statistical analysis
The normality of all data was tested using the UNIVARIATE procedure in SAS software (SAS Institute, Cary, NC, USA; 1996) . To examine the effects of N and drought treatment on experimental variables, all variables were analyzed by two-way ANOVAs using SAS software. Multiple mean comparisons (Tukey's HSD test) among treatments were performed as a post hoc test after one-way ANOVA to investigate the differences in growth, drought-resistant traits and relative gene expression between treatments. Differences were considered to be significant if the P-value of the F-test was <0.05. The Cq values obtained after quantitative PCR were normalized and the fold changes of transcripts were calculated as suggested by Zhang et al. (2007) . Relative transcript levels of genes were denoted by fold changes of transcript levels compared to reference genes (β-actin), which was calculated by subtracting the quantification cycle (Cq) value of reference gene from the Cq value of target gene. The cluster analysis of gene expression was computed by the software of HemI (Heatmap Illustrator, version 1.0).
Results
Drought adaptive physiology under sufficient-and deficientnitrogen conditions
Seedling biomass was significantly suppressed by drought stress under both N conditions, and it was increased by N application under drought stress (Figure 1 ). Leaf area was suppressed by drought under sufficient-N but not under deficient-N conditions. In contrast, R/S was suppressed by drought only under deficient-N conditions. In the deficient-N condition, major root parameters including root length, root tips, fine root length and proportion of fine root length all were decreased by drought stress, whereas root surface area and average diameter were increased by drought stress (Table 1 ). In comparison, major root parameters all were not negatively influenced by drought when N was applied. This indicated that N application alleviated the depression of root by drought. Moreover, this trend of alleviation by N application was more significant for fine root with a diameter <0.2 mm (Table 1) .
Major gas exchange parameters including A, E, CO 2int and g s all were significantly decreased by drought regardless of N condition. The WUE i increased upon drought under sufficient-N condition, whereas it was not influenced by drought under deficient-N conditions (Figure 2 ). Leaf δ The content of free proline, soluble sugar and SOD activity all were increased upon drought stress under the sufficient-N condition, but not under the deficient-N condition (Figure 4) . The GSH content in leaves was increased by drought stress under both sufficient-and deficient-N conditions, whereas carotenoid content was not influenced by drought under both N conditions. In contrast, there was a decrement of free proline content upon drought under deficient-N (Figure 4) .
The ABA level increased upon drought under both N conditions, whereas the extent of increment was greater under the sufficient-N as compared with the deficient-N condition ( Figure 5 ). The IAA level was increased by drought under deficient-but not sufficient-N conditions. The SA content was increased/decreased by drought stress under deficient/sufficient-N conditions, respectively. Abscisic acid, JA and IAA all were increased by N addition under drought conditions. The IAA level was also increased by N addition under the well-watered condition. In comparison, SA content was increased by N application under the well-watered condition, but not under drought ( Figure 5 ).
Transcriptional changes of genes responsible for droughtresistant under two nitrogen conditions
Under sufficient-N conditions, the relative expression of ZEP-1, ZEP-2, NCED and ABA-8′-hydroxylase 1 all were significantly elevated upon drought stress (Figure 6a ; Figure S1 available as Supplementary Data at Tree Physiology Online). PYL2 and ABI5 were also up-regulated upon drought. In contrast, none of these genes in the ABA biosynthesis and signaling pathway were induced by drought under the deficient-N condition, corresponding well with the more vigorous inducement of ABA level upon drought under the sufficient-N condition (Figure 6a ; Figure S1 available as Supplementary Data at Tree Physiology Online).
The relative expression of genes encoding three CuZn-SODs isoforms (SOD Cu-Zn 3, SOD Cu-Zn 4, SOD Cu-Zn 5), one Fe-SOD isoform and two Mn-SODs isoforms (SOD Mn 2, SOD Mn 4) were significantly elevated upon drought stress under sufficient-N conditions. However, most genes encoding SODs isoforms were not induced by drought under deficient-N conditions, except for one Mn-SODs isoform (SOD Mn 3) (Figure 6d ; Figure S2 SurfArea, root surface area; AvgDiam, root average diameter. Fine root length, length of root with diameter between 0 mm and 0.20 mm. The data indicate means ± SE (n = 10); the italic values are SE. Different letters indicate statistically significant differences.
Tree Physiology Online at http://www.treephys.oxfordjournals.org of SOD activity by drought under the sufficient-N condition and indicated the significance of adequate N for drought-induced SOD activity. Genes encoding ascorbate peroxidase (APX), peroxidase (POD), GR and catalase (CAT) isoforms were also analyzed. The relative expression of all these genes was elevated upon drought when N was sufficient, whereas none of these genes was induced by drought under deficient-N conditions. Moreover, the expression of genes encoding APX and two CAT isoforms was down-regulated upon drought when N was deficient (Figure 6d ; Figure S2 available as Supplementary Data at Tree Physiology Online). Under sufficient-N conditions, six PIP genes (PIP1-1:1, PIP1-1:2, PIP2-3, PIP2-4, PIP2-5, PIP2-7) were significantly induced in response to drought stress as the relative expression of these PIP genes was significantly higher under drought compared with the well-watered condition. In contrast, only two of these genes (PIP2-3 and PIP2-7) were significantly induced by drought under deficient-N conditions (Figure 6c ; Figure S3 available as Supplementary Data at Tree Physiology Online). This result indicated that the inducement of PIP genes by drought stress is related to soil N availability.
Nitrogen status and transcription of relevant genes upon drought
Leaf N concentration was significantly suppressed by drought stress under both N conditions, whereas total N uptake of seedling was significantly decreased by drought under sufficient-N conditions. In comparison, NUE was significantly increased by drought under the sufficient-N but not under the deficient-N condition (Figure 7) . The transcriptional responses of key genes implicated in N metabolism were investigated (see Table S2 available as Supplementary Data at Tree Physiology Online). Under sufficient-N conditions, the relative expression of most genes encoding N metabolism enzymes including NR, NADH-GOGAT, three GDH isoform (NAD-GDH A, NAD-GDH B, NADP-GDH) and one GS isoform (GS2) all were significantly elevated upon drought stress. In contrast, none of the tested genes was influenced by drought under deficient-N conditions (Figure 6b ; Figure S4 available as Supplementary Data at Tree Physiology Online). This result corresponded well with elevated NUE upon drought under sufficient-N conditions. ABA, abscisic acid; IAA, indole acetic acid; SA, salicylic acid; JA, jasmonic acid. Different letters on the bars indicate significant differences (P < 0.05). Pvalues obtained from the two-way ANOVAs for nitrogen conditions (N), water treatments (W) and their interactions (N × W) are indicated. *P < 0.05; **P < 0.01; ns, not significant.
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Discussion
Growth and root traits upon drought as affected by nitrogen conditions
Previous results showed that N addition could mitigate or aggravate the inhibiting effects of drought stress on growth (NunesNesi et al. 2010 , Yang et al. 2012 , Xu et al. 2015 , Ali and Golombek 2016 , Dziedek et al. 2016 . Too much N supply might have a negative effect on the drought susceptibility mainly due to reduction of the root biomass by N access (Friedrich et al. 2012 , Noguchi et al. 2013 , Dziedek et al. 2016 , whereas increased N supply will significantly alleviate the adverse effects of drought stress when available N is limited (Yang et al. 2012 , Tran et al. 2014 , Xu et al. 2015 . In this study, seedling biomass was significantly suppressed by drought under both N conditions, whereas N addition increased seedling biomass under both drought and well-watered conditions due to the low level of N in the growth substrate of the present study. In response to drought stress, plants might maximize soil water capture by a vigorous root system (Comas et al. 2013 , Steinemann et al. 2015 . However, drought stress can depress root activity and increase fine-root mortality (Steinemann et al. 2015 , Vries et al. 2016 . Adequate N application may enhance the expression of root plasticity in response to drought stress (Tran et al. 2014 , Gessler et al. 2017 . In the present study, root growth was inhibited by drought stress under deficient-N conditions, whereas this trend was alleviated by N application, particularly for fine root with a diameter <0.2 mm. As fine roots are dominant in the whole root system in terms of root length and they are most important for nutrient and water uptake (Zhang et al. 2013 , Noguchi et al. 2013 ), it Figure 6 . Heat map of transcriptional fold changes of genes involved in ABA signal pathway (a), nitrogen metabolism (b), PIPs (c) and antioxidants biosynthesis (d) relative to reference gene. SN-D, sufficient nitrogen and drought; SN-W, sufficient nitrogen and well-watered; DN-D, deficient nitrogen and drought; DN-W, deficient nitrogen and well-watered; ABA, abscisic acid; PIPs, plasma membrane intrinsic proteins. Relative transcript levels of genes were denoted by fold changes of gene tanscript levels compared to reference genes, which was defined as the differences between Cq value of target gene and reference gene (β-actin). The color scale indicates fold-changes of mRNAs.
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Drought stress physiology in leaves as affected by nitrogen conditions
Numerous studies demonstrated that nutrient deficiency under drought should promote negative impacts of drought stress on plant survival (Gessler et al. 2017) . Drought stress suppressed A in plants with adequate N nutrition, while the effect was not significant in the N-deficient plants (Otoo et al. 1989 , DaMatta et al. 2002 , Zong and Shangguan 2014 . In comparison, drought decreased A and most gas exchange parameters under both N conditions in the present study. Moreover, WUE i was elevated upon drought under sufficient-N but not under deficient-N conditions. It was reported that N fertilization increased both WUE i and long-term water-use efficiency of Coffea canephora regardless of water conditions (DaMatta et al. 2002 , Yang et al. 2012 . In the present study, WUE i was promoted by N addition under both water conditions, whereas long-term water-use efficiency was promoted by N addition only under a well-watered condition. The discrepancies between our research and previous reports might be attributed to the differences in experiment conditions and/or the intrinsic differences between plant species.
Plants may adapt to drought stress by reducing the osmotic potential of expanded leaves via accumulating osmolytes such as amino acids, soluble sugars and sugar alcohols (Chołuj et al. 2008, Foyer and Shigeoka 2011) . The positive contribution of N application and the negative effect of low N availability on this drought adaptation have been reported (Ali and Golombek 2016) . Dwarf bamboo showed crosstalk between N metabolism and homeostasis of ROS to protect against membrane lipid peroxidation . In the present study, the content of free proline, soluble sugar and SOD activity all were increased upon drought under the sufficient-N condition but not under the deficient-N condition, indicating that proper N nutrition may positively impact drought acclimation by influencing osmotic adjustment and homeostasis of ROS via interaction between C and N metabolism.
Activation of ABA biosynthesis and signal transduction is critical for plants to respond signals of stress (Wilkinson and Davies 2002 , Jing et al. 2015 , Xing et al. 2016 . In the present study, the ABA level was induced by drought under both N conditions, whereas ABA levels in the drought-stressed plants were elevated by N application. Previous results also observed higher ABA levels in N-fertilized plants under drought stress, which contributed to a sensitive drought response and faster stomatal closure (Alandia et al. 2016 ). However, we did not observe more sensitive stoma adjustment under higher N conditions despite elevated ABA levels. This might be explained as gas exchanges were recorded at the end of drought treatment, but not at the early stage of drought. It was demonstrated that the ABA signal also participate in the activation of antioxidant enzymes (Csiszár et al. 2012 , Gallé et al. 2013 , whereas the induction of antioxidant enzymes may interact with the accumulation of inorganic osmolytes and contribute to the maintenance of water potential (Alandia et al. 2016) . Therefore, the elevation of ABA levels by N addition in this study might have contributed to the better osmotic adjustment and ROS homeostasis under drought stress. Moreover, elevation of leaf ABA content was in parallel with the elevation of IAA and JA content after N application. It was suggested that a crosstalk between ABA and IAA, and between ABA and JA at the biosynthesis level may contribute to stress tolerance (Farooqi et al. 2005 , Battal et al. 2008 , Du et al. 2013 ). The present result signified an N-dependent crosstalk between ABA, JA and IAA at the biosynthesis level, which synergistically contributed better drought acclimation and growth of C. bungei.
The influence of nitrogen availability on transcription of drought-resistant genes
Previous studies indicated that ABA biosynthetic enzymes (ZEP-1, ZEP-2 and NCED) and positive regulators of the ABA signal pathway (PYL2 and ABI5) are essential factors involved in ABA signaling in acclimate to drought stress (Boursiac et al. 2013 , Gallé et al. 2013 , Kong et al. 2013 , Cao et al. 2014 . Abscisic b) and N-use efficiency (c) under drought and well-watered conditions with sufficient-or deficient-N conditions. Different letters on the bars indicate significant differences (P < 0.05). P-values obtained from the two-way ANOVAs for nitrogen conditions (N), water treatments (W) and their interactions (N × W) are indicated. *P < 0.05; **P < 0.01; ns, not significant.
Tree Physiology Online at http://www.treephys.oxfordjournals.org acid binds to the ABA receptors such as PYR/PYL, which subsequently inhibit type 2C phosphatases (PP2C) and activate downstream ABA signaling (Gonzalez-Guzman et al. 2012) . We found that along with changes in ABA concentration, the transcriptional level of most genes involved in the ABA signal pathway were significantly elevated upon drought when N was sufficient, whereas this trend was not significant under deficient-N conditions. This result provided the molecular evidence that the inducement of ABA content upon drought was positively impacted by sufficient N availability and restricted by N deficiency.
Superoxide dismutase is encoded by a small multigene family, which is classified into three types according to the metal at the active site: Mn-SODs, Fe-SODs and CuZn-SODs (Lin and Lai 2013, Shafi et al. 2015) . The relative expression of genes encoding most isoforms of CuZn-SODs, Fe-SOD and Mn-SODs isoforms were significantly elevated upon drought under the sufficient-N condition, but not under the deficient-N condition. Genes encoding APX, POD, GR and CAT isoforms mostly showed similar expression patterns to SODs. These expression patterns explained N-dependent inducement of antioxidant enzymes upon drought. Interestingly, most PIP genes, which are essential for water movement across the plasma membrane (Cao et al. 2014) , also showed drought-induced expression that was dependent on N. These results demonstrated that major drought-resistant processes such as ABA signal regulation, antioxidant actions and water movement are all positively influenced by sufficient N nutrition and suppressed by N deficiency.
Nitrogen status and transcription of genes responsible for nitrogen metabolism
It was reported that NUE in poplar species decreased with increased N availability (Luo et al. 2013a , 2013b , Meng et al. 2016 . In comparison, NUE was not affected by N availability in the present study, presumably due to the intrinsic differences between plant species. Nitrogen uptake of seedling and leaf N concentration both were significantly suppressed by drought, presumably due to the restriction of net influxes of NH 4 + /NO 3 -at the root surface by water deficit, and also due to the energy tradeoff between N uptake and drought resistance (Kreuzwieser and Gessler 2010 , Nunes-Nesi et al. 2010 . However, NUE was elevated upon drought when N was sufficient, presumably resulting from the elevated expression of genes encoding N metabolism enzymes. It was reported that drought suppresses N uptake and N metabolism of poplar irrespective of the N levels (Meng et al. 2016) . In contrast, enzyme activity for N metabolism in bamboo was increased upon drought . Comparatively, the present result was consistent with the report in bamboo , presumably due to the similar drought treatment (moderate drought) in the two studies. We concluded that based on the enhanced enzyme activity and N metabolism under moderate-drought and sufficient-N, C and N metabolism in C. bungei were regulated to improve the capacity of osmotic adjustment and homeostasis of ROS for protecting against peroxidation, thus promoting its drought acclimation and growth performance.
Conclusions
Seedling biomass and root growth of C. bungei was significantly suppressed by drought under deficient-N conditions, whereas N application mitigated the inhibiting effects of drought on roots. The WUE i was promoted by N addition under both water conditions, whereas leaf δ 13 C was elevated by N only under a well-watered condition. Nitrogen positively impacted osmotic adjustment and homeostasis of ROS under drought via interaction between C and N metabolism. The extent of ABA inducement upon drought was elevated by N application, whereas an N-dependent crosstalk between ABA, JA and IAA at the biosynthesis level contributed better drought acclimation. The transcriptional level of most genes involved in ABA signal pathway, most genes encoding antioxidant enzymes and most PIPs genes, all showed N-dependent inducement upon drought. These molecular evidences confirmed that major adaptive responses to drought are dependent on sufficient N nutrition. Moreover, NUE and transcription of most genes encoding N metabolism enzymes were elevated upon drought, demonstrated that N metabolism positively contributed drought resistance and growth of C. bungei under sufficient-N conditions. These findings will provide guidelines for silviculture and breeding of C. bungei under coupled conditions of soil drought and N deficiency, which are common in the semi-arid environment.
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